The association between obesity and impaired insulin sensitivity has long been recognized, although a subgroup of obese individuals seems to be protected from insulin resistance. In this study, we systematically studied differences in adipose tissue biology between insulin-sensitive (IS) and insulinresistant (IR) individuals with morbid obesity. On the basis of glucose infusion rate during euglycemic hyperinsulinemic clamps, 60 individuals with a BMI of 45 Ϯ 1.3 kg/m 2 were divided into an IS and IR group matched for age, sex, and body fat prior to elective surgery. We measured fat distribution, circulating adipokines, and parameters of inflammation, glucose, and lipid metabolism and characterized adipose tissue morphology, function, and mRNA expression in abdominal subcutaneous (sc) and omental fat. IS compared with IR obese individuals have significantly lower visceral fat area (138 Ϯ 27 vs. 316 Ϯ 91 cm 2 ), number of macrophages in omental adipose tissue (4.9 Ϯ 0.8 vs. 13.2 Ϯ 1.4%), mean omental adipocyte size (528 Ϯ 76 vs. 715 Ϯ 81 pl), circulating C-reactive protein, progranulin, chemerin, and retinol-binding protein-4 (all P values Ͻ0.05), and higher serum adiponectin (6.9 Ϯ 3.4 vs. 3.4 Ϯ 1.7 ng/ml) and omental adipocyte insulin sensitivity (all P values Ͻ0.01). The strongest predictors of insulin sensitivity by far were macrophage infiltration together with circulating adiponectin (r 2 ϭ 0.98, P Ͻ 0.0001). In conclusion, independently of total body fat mass, increased visceral fat accumulation and adipose tissue dysfunction are associated with IR obesity. This suggests that mechanisms beyond a positive caloric balance such as inflammation and adipokine release determine the pathological metabolic consequences in patients with obesity.
It is clinically important to identify insulin-resistant obese persons with an increased risk for developing obesity-associated metabolic and cardiovascular diseases who, therefore, may benefit the most from losing weight (32) . Insulin-resistant (IR) and insulin-sensitive (IS) obesity are not clearly defined subgroups but represent the extremes of a continuum, the characterization of which may improve our understanding of the mechanisms linking increased fat accumulation in obesity with impaired insulin sensitivity. Impaired function of adipose tissue caused by the interaction of genetic and environmental factors may represent a causal factor for the association of obesity and insulin resistance in obese IR individuals (3) . Visceral and ectopic fat storage belong to adipose tissue dysfunction and are closely related to whole body insulin resistance (31) .
Therefore, we sought to identify mechanisms within adipose tissue that may link obesity to its associated metabolic diseases by systematic characterization of paired samples from abdominal subcutaneous (sc) and intra-abdominal omental adipose tissue of IS obese individuals compared with BMI-, age-, and sex-matched IR obese individuals without significant comorbidities, including type 2 diabetes.
RESEARCH DESIGN AND METHODS
Patients. We studied 60 morbidly obese men and women with a BMI ϭ 45 Ϯ 1.3 kg/m 2 who were scheduled to undergo elective cholecystectomy, explorative laparotomy, or gastric sleeve resection. Three-hundred fifty-eight previously described patients were recruited at the Departments of Medicine and Surgery (University of Leipzig) and the Clinic of Visceral Surgery (Karlsruhe Hospital) between May 2005 and October 2008 (24) . For the purpose of this study, we selected 221 fat donors for which euglycemic hyperinsulinemic clamp data were available (Fig. 1) . On the basis of the glucose infusion rate (GIR) in euglycemic hyperinsulinemic clamp, patients were defined as either IS (GIR Ͼ 70 mol·kg Ϫ1 · min Ϫ1 ) or IR (GIR Ͻ 60 mol·kg Ϫ1 · min Ϫ1 ) (Fig. 1 ). In the BMI stratum between 42 and 48 kg/m 2 , we initially found 32 subjects that could be matched for age, sex, and BMI into IS (n ϭ 16) and IR obesity (n ϭ 16) subgroups. In this BMI stratum, additional individuals with either IR or IS obesity have been actively recruited. To achieve a clear separation between the two groups, subjects with a GIR between 60 and 70 were excluded (Fig. 1 ). This resulted in the two experimental groups of IS and IR obesity with 30 subjects each.
All individuals fulfilled the following inclusion criteria: 1) fasting plasma glucose Ͻ7.0 mmol/l; 2) Hb A 1c Ͻ6.0%; and 3) stable weight, defined as the absence of fluctuations of Ͼ2% of body weight for Ն3 mo before surgery. In addition, the following exclusion criteria have been defined: 1) medical and family history of type 1 or type 2 diabetes; 2) medical history of hypertension or systolic blood pressure (SBP) Ͼ140 mmHg and diastolic blood pressure (DBP) Ͼ85 mmHg; 3) any acute or chronic inflammatory disease, as determined by a leucocyte count Ͼ8,000 Gpt/l, C-reactive protein (CRP) Ͼ5.0 mg/dl, or clinical signs of infection; 4) clinical evidence of either cardiovascular or peripheral artery disease; 5) any type of malignant disease; 6) thyroid dysfunction; 7) Cushing's disease or hypercortisolism; 8) alcohol or drug abuse; 9) pregnancy; 10) concomitant medication, except contraceptives; and 11) clinical symptoms of obstructive sleep apnea or Epworth Sleepiness Scale index Ͻ10. In both the IS and the IR group, there were five out of 20 postmenopausal women that did not receive any hormone therapy. From the remaining 30 women, 16 (IS group: n ϭ 7; IR group: n ϭ 9) used combination pills as contraceptive medication. All study protocols were approved by the ethics committee of the University of Leipzig. All participants gave written informed consent before taking part in the study. Anthropometric and demographic data, including age, sex, height, weight, waist, and hip circumferences, body fat mass, fat distribution by computed tomography (CT) or MRI scans, and medical history, as well as baseline blood samples and euglycemic hyperinsulinemic clamp data, were collected 5 Ϯ 4 days prior to elective surgery.
Measurement of body fat content and insulin sensitivity. BMI was calculated as weight divided by squared height. Hip circumference was measured over the buttocks; waist circumference was measured at the midpoint between the lower ribs and iliac crest. Percentage body fat was measured by dual X-ray absorptiometry. In addition, abdominal visceral and sc fat areas were calculated using CT or MRI scans at the level of L4 -L5, as described previously (13) . In a post hoc analysis of 47 individuals with previous MRI scans, T1-weighted MRI images were used to estimate liver fat content, as described previously (17) . Insulin sensitivity was assessed with the euglycemic hyperinsulinemic clamp method, using a previously described protocol (4) . Glucose infusion rate (GIR) was calculated from the last 45 min of the clamp, in which GIR could be kept constant to achieve the target plasma glucose concentration of 5.5 (Ϯ 5%) mmol/l. Therefore, the duration of the clamp varied between individuals (range 120 -200 min). In premenopausal women, clamp studies were performed during the luteal phase of the menstrual cycle.
Analyses of blood samples. All baseline blood samples were collected between 8 and 10 AM after an overnight fast. Plasma insulin was measured with an enzyme immunometric assay for the Immulite automated analyzer (Diagnostic Products, Los Angeles, CA). Serum high-sensitive CRP was measured by immunonephelometry (DadeBehring, Milan, Italy). Serum total HDL cholesterol, LDL cholesterol, triglycerides, free fatty acids, total adiponectin (ELISA; Linco, St. Charles, MO), leptin, interleukin-6 (IL-6), and retinol-binding protein-4 (RBP4) were measured as described previously (24) . Serum monocyte chemoattractant protein-1 (MCP-1) concentrations were measured by immunoassay system (Quantikine human MCP-1 Immunoassay; R & D Systems, Minneapolis, MN). Serum vaspin and progranulin were measured as described previously (49, 50) . Serum chemerin and fetuin-A were measured by ELISAs (Biovendor, Heidelberg, Germany).
Characterization of adipose tissue samples. During surgery, adipose tissue samples were taken from the abdominal sc and the intra-abdominal omental fat depots at defined locations. Adipose tissue was analyzed as a whole (immediately frozen in liquid nitrogen after explantation) for histology and mRNA expression analyses. Additional adipose tissue samples were collected in 37°C PBS buffer, and adipocytes were isolated by collagenase (1 mg/ml) digestion. For the determination of glucose transport, isolated adipocytes from the different fat depots were stimulated with 100 nM insulin for 30 min and then incubated for 30 min with 3 M [U-
14 C]glucose. Immediately after incubation, adipocytes were fixed with osmic acid and incubated for 48 h at 37°C, and radioactivity was quantified after the cells had been decolorized. Glucose transport data were normalized for cell number. To determine adipocyte number and cell size distribution, 200-l aliquots of adipocytes were fixed with osmic acid, incubated for 48 h at 37°C, and counted in a Coulter counter (Multisizer III; Beckman Coulter, Krefeld, Germany). Histological analyses and measurement of macrophage count in adipose tissue were performed as described previously (16) . In brief, adipose tissue samples were fixed at room temperature in 4% formaldehyde and embedded in paraffin. Five-micrometer sections were mounted on glass slides, deparaffinized in xylol, and stained for CD68 using anti-CD68 monoclonal mouse antihuman antibody (close PGM1 M0876, dilution 1:100; Dako, Glostrup, Denmark). Macrophages were identified in the adipose parenchyma when cytoplasmic staining for CD68 was present along with an identifiable mononuclear nucleus and presented as the number per 100 adipocytes (%macrophages).
Adipose tissue mRNA expression studies. Human CD68, adiponectin, leptin, IL-6, IL-8, RBP4, chemerin, progranulin, MCP-1, nicotinamide phosphoribosyltransferase (Nampt), hormone-sensitive lipase (HSL), tartrate-resistant acid phosphatase (TRAP), peroxisome proliferator-activated receptor-␥ (PPAR␥), hypoxia-inducible factor 1 (HIF-1), macrophage migration inhibitory factor (MIF), and colonystimulating factor 1 (csf-1) and sirtuin-1 (sirt1) mRNA expression was measured by quantitative real-time RT-PCR in a fluorescent temperature cycler, and fluorescence was detected on an ABI PRISM 7000 sequence detector (Applied Biosystems, Darmstadt, Germany). Total RNA was isolated from paired sc and omental adipose tissue samples using TRIzol (Life Technologies, Grand Island, NY), and 1 g of RNA was reverse transcribed with standard reagents (Life Technologies). From each RT-PCR, 2 l was amplified in a 26-l PCR using the Brilliant SYBR Green QPCR Core Reagent Kit from Stratagene (La Jolla, CA) according to the manufacturer's instructions. Samples were incubated in the ABI PRISM 7000 sequence detector for an initial denaturation at 95°C for 10 min, followed by 40 PCR cycles, each cycle consisting of 95°C for 15 s, 60°C for 1 min, and 72°C for 1 min using specific primers (Supplemental Table S1 ; Supplemental Material for this article is available at the AJP-Endocrinology and Metabolism web site). SYBR Green I fluorescence emissions were monitored after each cycle. mRNA expression for all genes was calculated relative to the mRNA expression of 18S rRNA, determined by a premixed assay on demand for human 18S rRNA Fig. 1 . Subject selection. Subjects were originally taken from a preexisting database (gray squares). Only subjects in the body mass index (BMI) range of 42 to 48 kg/m 2 were included in this study. Additional subjects in this BMI stratum were actively recruited. The dotted hyperbolic line is a regression curve of glucose infusion rate (GIR) during a euglycemic hyperinsulinemic clamp over BMI (GIR ϭ 18.80 ϩ 1,864/BMI; r 2 ϭ 0.35, P Ͻ 0.001). Subjects in the BMI stratum of 42 to 48 kg/m 2 were classified as "insulin-sensitive obese" (GIR Ͼ70 mol · kg Ϫ1 · min
Ϫ1
; n ϭ 30) or "insulin-resistant obese" (GIR Ͻ 60 mol · kg Ϫ1 · min
; n ϭ 30) according to their GIR during a hyperinsulinemic clamp. To achieve a clear separation between the 2 GIR groups, subjects with a GIR between 60 and 70 were excluded. This resulted in the 2 experimental groups with 30 subjects each. For reference purposes only, a nonobese group in the exact same GIR range as the insulin-sensitive obese group but "right on the hyperbola" (i.e., with the expected BMI) is indicated [32 men, 20 (Applied Biosystems). Amplification of specific transcripts was confirmed by melting curve profiles (cooling the sample to 68°C and heating slowly to 95°C with measurement of fluorescence) at the end of each PCR. The specificity of the PCR was verified further by subjecting the amplification products to agarose gel electrophoresis. Statistical analyses. Data are shown as means Ϯ SD unless stated otherwise. Before statistical analysis, nonnormally distributed parameters were logarithmically transformed to approximate a normal distribution. The following statistical tests were used: paired Student's t-test and Pearson's simple correlation. Linear relationships were assessed by least square regression analysis. Statistical analysis was performed using SPSS version 12.0 (SPSS, Chicago, IL). Prediction models for GIR based on clinical parameters and parameters of adipose tissue biology were calculated by multivariate linear regression analysis. P values Ͻ0.05 were considered to be statistically significant.
RESULTS

Clinical and metabolic characteristics of IS and IR obesity.
Sixty morbidly obese (45 Ϯ 1.3% kg/m 2 ) but otherwise healthy Caucasian women (n ϭ 40) and men (n ϭ 20) were matched for BMI, percent body fat, age, and sex into groups of IS (n ϭ 30) and IR (n ϭ 30) obesity ( Fig. 1 and Table 1 ). Independently of BMI, body fat mass, age, and sex, we found significantly higher visceral fat area and waist circumference in the IR compared with the IS obese subgroup (Table 2) . Only in the IR subgroup did we find a significant negative relationship between visceral fat area and insulin sensitivity (Fig. 2 ). There were no significant differences in sc fat area (Table 2 ) or in fat-free mass (IS group: 47.4 Ϯ 1.8%; IR group: 46.3 Ϯ 2.1%; P ϭ 0.7) between the two groups. In a post hoc analysis of T1-weighted MRI images, we found in individuals where MRI scans were available (IS group: n ϭ 22; IR group: n ϭ 25) significantly higher liver fat content in IR (9.2 Ϯ 1.8%) compared with IS obese (4.5 Ϯ 1.2%) individuals. However, these data need to be discussed with caution, because measurement of liver fat content was not a primary aim of the study, and therefore, it was not performed by MR spectroscopy. In addition, MRI images were not available for all study participants. IR obesity is further associated with significantly higher fasting plasma glucose, Hb A 1c , fasting plasma insulin, triglyceride, and free fatty acid serum concentrations compared with the IS subgroup ( Table  1 ). In addition, circulating parameters of liver function glutamic-oxaloacetic transaminase (GOT) and ␥-glutamyltranspeptidase (GGT) were significantly higher the IR obesity group (Table 1) . HDL cholesterol serum concentrations are significantly lower in the IR subgroup (Table 1) . Noteworthy is that total and LDL cholesterol serum concentrations were not significantly different between the two groups ( Table 1) . We found significantly higher sex hormone-binding globulin (SHBG) serum concentrations in IS compared with IR individuals (Table 1) . Serum testosterone concentrations were not significantly different between the two groups (Table 1) . Circulating adipokines and inflammatory parameters. Adiponectin serum concentration was significantly higher in the IS group, whereas no significant difference between the groups could be found for serum leptin concentrations (Table 2) . Serum high-sensitive CRP concentrations were twofold higher in the IR compared with the IS obesity group (Table 2 ). In addition, there was a tendency for higher IL-6 and MCP-1 serum concentrations in IR obesity; however, these differences were not significant ( Table 2) . We further asked whether novel circulating markers for the relationship between obesity and insulin resistance were associated with the IR obese phenotype independently of BMI and body fat mass. Among these markers, we found significant differences with twofold higher RBP4, 1.5-fold higher progranulin, and 1.2-fold higher chemerin and fetuin-A serum concentrations in the IR compared with the IS obese group (Table 2) . Vaspin serum concentrations were indistinguishable between the groups (Table 2) .
Fat mass-independent adipose tissue dysfunction is associated with IR obesity. Our study design allows us to compare morphology and function of adipose tissue between IR and IS obesity independently of total body fat mass, BMI, age, sex, and metabolic diseases as confounding factors. To identify the molecular characteristics of adipose tissue related to insulin resistance, we thoroughly characterized omental and sc adipose tissue samples. We found a strong association between increased visceral fat accumulation and insulin resistance in the IR obese group (Fig. 2) , which was associated with an abdominal fat distribution (Fig. 3A) . We found a striking difference in omental (but not in sc) adipose tissue composition with significantly higher macrophage infiltration in IR obesity (Fig. 3, B  and C) . Noteworthy is that, in both IS and IR obesity, macrophage infiltration was significantly higher in omental compared with sc adipose tissue (Fig. 3C ). These differences were further confirmed by immunohistochemical analysis of CD68 staining (data not shown) and significantly higher CD68 mRNA expression in omental fat of the IR obese subgroup (Fig. 3D) . Adipose tissue morphology of IR obese individuals is further characterized by significantly larger adipocyte size, especially in the omental depot (Fig. 3E ). In the omental fat depot, both mean adipocyte volume (715 Ϯ 81 vs. 528 Ϯ 76 pl, P Ͻ 0.01) and maximal adipocyte size (1,240 Ϯ 245 vs. 972 Ϯ 165 pl, P Ͻ 0.05) were significantly higher in the IR group. In parallel, we found in sc adipose tissue samples significantly higher mean adipocyte volume (849 Ϯ 139 vs. 693 Ϯ 115 pl, P Ͻ 0.05) and maximal adipocyte size (1,419 Ϯ 193 vs. 1,075 Ϯ 231 pl, P Ͻ 0.05) in the IR compared with the IS obese group. Mean omental adipocyte diameter was 98 Ϯ 22 m (sc depot: 103 Ϯ 17 m) in the IS obese group and 136 Ϯ 22 m (sc depot: 152 Ϯ 37 m) in the IR obese group (P Ͻ 0.05, omental diameter distribution curves; Fig. 3E ). We found significantly decreased insulin-stimulated glucose uptake into isolated adipocytes from omental fat of IR compared with IS obese individuals, suggesting insulin resistance at the level of adipocytes (Fig. 3F) .
Low macrophage infiltration into omental fat and higher circulating adiponectin almost entirely predict the IS obese phenotype. Using multivariate linear regression analysis, we calculated different models that predict insulin sensitivity as determined by GIR. With the parameters of the International Diabetes Federation (IDF) definition of the metabolic syndrome, i.e., waist circumference, systolic/diastolic blood pressure, fasting plasma glucose, triglycerides, and HDL cholesterol (19) , 61% of the variation in GIR can be explained (r 2 ϭ 0.61, P Ͻ 0.0001). Using parameters of liver function [GOT, glutamic pyruvic transaminase (GPT), and GGT], 39% of GIR variation could be predicted (r 2 ϭ 0.30, P Ͻ 0.05). A better prediction of the GIR could be achieved using estimated liver fat content (r 2 ϭ 0.7, P Ͻ 0.0001) and visceral fat area (r 2 ϭ 0.74, P Ͻ 0.0001) or macrophage infiltration into omental adipose tissue (r 2 ϭ 0.79, P Ͻ 0.0001), whereas circulating adiponectin alone predicts GIR with r 2 ϭ 0.54 (P Ͻ 0.0001). Most impressively, among many parameters of adipose tissue function, circulating adiponectin together with percent macrophages in omental adipose tissue almost precisely predict GIR (r 2 ϭ 0.98, P Ͻ 0.0001; Fig. 4) . Inclusion of liver function parameters and/or estimated liver fat content from MRI scans Fig. 2 . Relationship between visceral fat area and insulin sensitivity in subgroups of individuals with insulin-sensitive (n ϭ 30; r ϭ Ϫ0.64, P Ͻ 0.001) and insulin-resistant obesity (n ϭ 30; r ϭ 0.04, P ϭ 0.8). Data are log transformed to achieve normal distribution.
into the model (adiponectin and %macrophages in omental fat) did not significantly improve the prediction of GIR variance (r 2 ϭ 0.98, P Ͻ 0.0001). It has been demonstrated that hormone replacement therapy decreases insulin sensitivity (9) . Moreover, it has been argued that insulin-sensitive obesity is mainly a phenotype seen in premenopausal women, who become insulin resistant after menopause. Since 10 women in our study were postmenopausal (5 in each subgroup) and 16 women used contraceptive medication containing progesterone, we included menopausal status, sex hormone serum concentrations, and concomitant contraceptive medication as covariates in multivariate linear regression analysis. There was no significant effect of these covariates beyond the significant associations reported above. (Fig. 5) . In contrast, PPAR␥ and MCP-1 mRNA expression was not different between the groups. In Fig. 3 . Representative photographs for the insulin-sensitive (IS) and insulin-resistant (IR) morbidly obese phenotype and increased macrophage infiltration into omental adipose tissue in IR obesity. A: the photographs of 1 patient each for the IS and the IR obese subgroups should demonstrate the differences in abdominal fat distribution despite the same BMI of 45.2 kg/m 2 . B: hematoxylin and eosin staining of omental adipose tissue sections from representative study individuals. Initial magnification, ϫ20. C: increased macrophage infiltration into omental compared with subcutaneous (sc) adipose tissue. D: CD68 mRNA expression differences between the fat depots and the IR and IS group. E: diameter distribution curves of isolated adipocytes from omental adipose tissue (pooled data from 20 individuals/group). F: insulin-stimulated glucose uptake was significantly lower in omental adipocytes from IR compared with IS obese individuals. *P Ͻ 0.05. addition, we found significantly altered mRNA expression for several other key adipose tissue genes, including IL-6, IL-8, RBP4, chemerin, progranulin, Nampt, and HSL mRNA expression, whereas leptin expression was not different between IS and IR groups (Supplemental Fig. S1 ).
DISCUSSION
This study provides new insight into adipose tissue mechanisms related to insulin resistance in morbidly obese individuals. By strictly matching (for age, sex, BMI, and body fat mass) morbidly obese individuals with and without insulin resistance, we sought to determine mechanisms within adipose tissue that link fat accumulation to insulin resistance. Moreover, with this strict subject selection and tight range of body fat mass, we experimentally (not just statistically) controlled for most of the usual confounding factors.
We found that, independently of BMI and total body fat mass, increased visceral fat area, increased macrophage infiltration into omental adipose tissue, enlarged adipocyte size in both omental and sc fat depots, and omental adipocyte insulin resistance are associated with insulin-resistant obesity. Changes in adipose tissue biology of insulin-resistant obesity are related to dysregulation of circulating adipokines and cytokines, including decreased adiponectin and increased progranulin, chemerin, RBP4, and fetuin-A serum concentrations. In addition, IR obesity is associated with omental but also sc mRNA expression changes of key adipose tissue genes, which may either reflect or contribute to increased omental macrophage infiltration (CD68, HIF-1, MIF, csf-1, progranulin, IL-6 , IL-8) and/or impaired adipocyte function (adiponectin, RBP4, chemerin, progranulin, TRAP, Nampt, HSL, sirt-1). Among these parameters of adipose tissue function and mRNA expression, the number of macrophages infiltrating omental adipose tissue and circulating adiponectin are the two single best correlates of insulin sensitivity. Noteworthy is that lower adiponectin serum concentrations in the insulin-resistant obese subgroup might primarily represent significantly lower sc adiponectin expression, since visceral fat represents only ϳ5-10% of total body fat mass (reviewed in Ref. 44 ). Therefore, we cannot exclude that (in addition to altered function of visceral fat depots) defects in sc adipose tissue contribute to insulinresistant obesity. Together, macrophage infiltration and serum adiponectin explain an impressive 98% of the variation in GIR. Interestingly, inclusion of parameters of liver function (GOT, GPT, GGT) or estimated liver fat content did not improve that model. However, prediction of variance in GIR using visceral fat area (r 2 ϭ 0.74) or estimated hepatic steatosis (r 2 ϭ 0.7) alone was similar, suggesting that the association between insulin sensitivity and visceral fat area or liver fat content is exchangeable and that visceral fat area might also be a surrogate parameter for ectopic fat deposition in other sites. In addition, these adipose tissue function parameters are better predictors of insulin sensitivity than established clinical parameters, including parameters of the IDF definition of the metabolic syndrome (19) and visceral fat area, which is a more sophisticated parameter than waist circumference. Taken together, our data support the hypothesis that adipose tissue dysfunction, especially inflammation and decreased adiponectin secretion, is an important contributor to insulin resistance in obesity.
Our data confirm previous findings that visceral fat mass is associated with insulin resistance independent of BMI and support the notion that anatomic distribution of adipose tissue is a strong and independent predictor of adverse health outcomes of obesity (25, 28, 44) . Importantly, our data do not provide evidence that omental fat is, independently of other ectopic sites, associated with insulin resistance. The strong association between hepatic steatosis and whole body insulin resistance rather suggests that the different ectopic fat depots are exchangeable with regard to prediction of GIR. We did not ) based on macrophage infiltration in adipose tissue and serum adiponectin. GIR predicted ϭ 100 Ϫ 5.2 %macrophages in omental adipose tissue ϩ 1.7 serum adiponectin concentration. investigate whether other ectopic fat depots, including epicardial and intramyocellular fat, are also associated with insulin resistance in our study. However, previous studies have shown that amount of visceral fat correlates with intrahepatic triglyceride, intramyocellular lipid content, and epicardial fat (18, 38, 44) , suggesting analogous relationships between other ectopic fat depots and insulin sensitivity, as we observed for visceral fat. Previous studies in lipodystrophic patients have shown profound hepatic and peripheral insulin resistance despite absent visceral fat and normal circulating adipokines supporting the hypothesis that hepatic steatosis might represent the causal mechanism for the development of insulin resistance (30, 33) . Moreover, Stefan et al. (38) recently suggested that ectopic fat in the liver may be more important than visceral fat in the determination of insulin-sensitive obesity.
Noteworthy is that variability of GIR was significantly smaller in the insulin-sensitive compared with the insulinresistant group. These differences in GIR variability may have led to an overestimation of the effect of visceral fat mass on insulin sensitivity in our study. Lower GIR variability in the insulin-sensitive obese group may be due to at least two factors. First, the cutoff for insulin sensitivity, GIR Ͼ70 mol·kg Ϫ1 ·min Ϫ1 for insulin-sensitive obesity and Ͻ60 mol·kg Ϫ1 ·min Ϫ1 for IR obesity, was arbitrarily chosen and may have offered a wider window for variability in the IR group. Second, the lower GIR variability in the insulin-sensitive group might be due to the absence of "very insulin-sensitive" obese individuals with GIR Ͼ110 mol·kg Ϫ1 ·min
Ϫ1
, suggesting that in insulin-sensitive obesity GIR is restricted to lower values compared with healthy lean controls within the BMI stratum of 23-25 kg/m 2 ( Fig. 1) .
In the absence of overt diabetes and dyslipidemia, we found increased fasting plasma glucose and Hb A 1c as well as higher triglyceride and lower HDL cholesterol serum concentrations to be associated with insulin-resistant obesity. These characteristics have been described extensively with respect to the insulin-resistant obese phenotype (1, 10, 14, 32) and may simply reflect the group selection difference in whole body insulin sensitivity. Interestingly, the negative correlation between visceral fat area and insulin sensitivity is completely absent in the insulin-sensitive obese subgroup, supporting the extensively reported role of ectopic and visceral fat accumulation in the development of obesity-related insulin resistance (3, 10, 42) . In contrast to significant differences in visceral fat mass between insulin-resistant and insulin-sensitive obese individuals, abdominal sc fat area was not significantly different between the groups. Since we did not measure total body sc fat mass, we cannot exclude that differences in sc fat distribution despite indistinguishable total body fat mass contribute to the insulin-resistant phenotype. However, important measurements of adipose tissue dysfunction, including macrophage infiltration and adipocyte-specific insulin resistance, were found specifically in omental but not in sc adipose tissue of insulin-resistant obese individuals. These depot-specific differences may contribute to the independent curvilinear association between visceral adiposity and mortality (25) .
Increased macrophage infiltration into omental adipose tissue appears to be the most prominent characteristic, which distinguishes adipose tissue of insulin-resistant from insulinsensitive obese individuals. However, with our study design, we cannot establish causality for the relationship between omental macrophage infiltration and insulin resistance. Macrophage infiltration could indeed be the consequence, rather than the cause, of adipose tissue dysfunction. In addition, there is still the possibility that insulin-sensitive and -resistant obese groups represent the consequence of two different pathophysiological processes. One could hypothesize that, whereas insulin-resistant obese develop insulin resistance in response to obesity and its associated adipose tissue dysfunction, in the insulin-sensitive obese, persistent insulin sensitivity in the face of caloric surplus may in fact underlie the pathogenesis of obesity itself. Predominant omental macrophage infiltration has been shown to be associated with clinical parameters of obesity-associated comorbidities and hepatic lesions in human morbid obesity (8) . Animal studies showed that increased macrophage-specific gene expression in fat precedes a decrease in insulin sensitivity after initiation of high-fat feeding, suggesting that adipose tissue macrophage infiltration is causally linked to insulin resistance (48) . Moreover, disruption of MCP-1 action by knockout of either MCP-1 or its receptor CC chemokine receptor 2 is associated with protection against insulin resistance, further supporting the notion that increased adipose tissue macrophage infiltration may causally link obesity with insulin resistance (23, 46) . However, it is difficult to establish a causative role of macrophage infiltration in the development of whole body insulin resistance in human obesity. In our study, the observed differences in adipose tissue mRNA expression of factors associated with recruitment of immune cells into adipose tissue, including MCP-1, HIF-1, MIF, progranulin, and csf-1, could either contribute to or be the result of an increased number of macrophages, especially in omental adipose tissue. However, the signals leading to increased omental macrophage infiltration are not entirely clear. Both genetic and environmental factors could contribute to increased ectopic visceral fat accumulation and hypertrophy of adipocytes (3) , and this condition might represent the inability of an obese patient to become more (subcutaneously) obese (40) . It has been further suggested that adipose tissue dysregulation is a specific response to relative hypoxia in clusters of adipocytes that become distant from the vasculature as adipose tissue mass expands (29, 41) . Increased visceral adipose tissue mass in obesity without an adequate support of vascularization might lead to hypoxia, macrophage infiltration, and inflammation (3). In accord with that, we found significantly higher HIF-1 mRNA expression in adipose tissue of insulin-resistant obese individuals.
The primary signal causing adipose tissue dysfunction and insulin-resistant obesity could be adipocyte hypertrophy, since enlarged adipocytes are more insulin resistant and produce a proinflammatory adipokine pattern (34, 47) . In accord with this, we found enlarged adipocytes in both omental and sc adipose tissue associated with the insulin-resistant obese phenotype. Since the amount of visceral fat is relatively small compared with that of sc fat, significantly larger (and, therefore, more insulin-resistant) adipocytes in the sc fat depot of the insulin-resistant obese group could be the major determinant of impaired whole body insulin resistance in insulinresistant obesity. As reflected by lower circulating free fatty acids in the insulin-sensitive obese group, our data may suggest that storage capacity of sc fat could be better in the insulinsensitive group. This condition might represent the inability of the insulin-resistant subgroup to become more obese by ex-panding sc fat depots (40) . It is well established that elevated free fatty acid serum concentrations may contribute to insulin resistance (5) . Therefore, the insulin-resistant obese subphenotype could at least in part be caused by increased free fatty acids. The higher availability of fatty acids in insulin-resistant obesity could generate an additional metabolic stress within adipose tissue that may contribute to increased immune cell infiltration in omental fat.
It has recently been demonstrated that adipocyte number is a major determinant for fat mass in adults (36) . In our study we did not assess a valid measurement of fat cell number, and therefore, we cannot exclude that differences in fat cell number contribute to insulin-sensitive obesity.
Our data confirm previous observations that adipocyte hypertrophy is associated with impaired glucose and lipid metabolism in human obesity (27) . Recently, it was demonstrated that overexpression of TRAP, a molecule secreted from adipose tissue macrophages, induces hyperplastic obesity with normal adipocyte lipid metabolism and insulin sensitivity (26) . Despite a significantly lower number of macrophages infiltrating omental adipose tissue, we found higher TRAP mRNA expression in omental fat of insulin-sensitive obese individuals, suggesting that differences in the macrophage phenotype contribute to insulin-resistant obesity. It has recently been shown that adipose tissue macrophages comprise a particular macrophage subtype that could considerably contribute to the development of insulin resistance (51) . Therefore, further studies should characterize macrophage phenotype in insulin-resistant and insulin-sensitive obesity.
Impaired adipogenesis may play a pivotal role leading to hypertrophic obesity, increased ectopic fat deposition, and insulin resistance (12) . Differences of adipogenic capacity of progenitor cells from different depots (43) and the loss of adipogenic potential that occurs during the course of obesity (41) might contribute to adipose tissue dysfunction. In obese patients, it was shown that stromal cells from the sc adipose tissue region proliferated faster than those from the omental or visceral fat depots (43) . In another recent study, it was demonstrated that the apparent number of preadipocytes in the abdominal sc adipose tissue that can undergo differentiation is reduced in obesity and negatively correlates with fat cell size (20) . Taken together, impaired preadipocyte differentiation, particularly in hypertrophic adipose tissue, may be an additional pathogenic factor in the development of insulin-resistant obesity.
Our data support the growing evidence suggesting that adipose tissue inflammation links obesity to insulin resistance. In accord with that, we show here that insulin-sensitive obese individuals are protected against inflammation of visceral adipose tissue. In addition, our study design provides novel mechanistic insight into the relationship between visceral adiposity, inflammation and circulating mediators of insulin resistance, and impaired adipose tissue function. Our data support the association between increased omental adipose tissue RBP4 mRNA, circulating RBP4, and whole body insulin resistance (4, 15) . Increased circulating concentrations of Nampt (35) , chemerin (7), progranulin (49) , and fetuin-A (37) have been shown to be associated with either insulin resistance, obesity, or both. However, it has been difficult to dissect the effects of obesity and insulin resistance on increased serum concentrations of these molecules. Our data provide new evidence for a significant body fat mass-independent role for Nampt, chemerin, progranulin, and fetuin-A in the development or at least as markers of insulin-resistant obesity.
Low SHBG serum concentrations have previously been shown to significantly predict the risk of type 2 diabetes in both women and men (11) . In our study, insulin-sensitive obesity was associated with significantly higher SHBG serum concentrations. Increased circulating SHBG levels in the insulinsensitive obese group could be due to lower liver fat content, since it has been demonstrated that liver fat independently predicts SHBG serum concentrations (39) . In addition, insulin resistance itself and higher insulin levels in the insulin-resistant compared with the insulin-sensitive obese group could explain reduced SHBG levels, because insulin physiologically suppresses serum levels of SHBG (22) .
In conclusion, adipose tissue dysfunction characterized by increased visceral fat accumulation (as a surrogate parameter for ectopic fat deposition), increased adipocyte size, and higher macrophage infiltration into omental fat is associated with insulin-resistant morbid obesity. Higher macrophage infiltration into omental fat depot and lower circulating adiponectin are the best predictors of insulin-resistant obesity, suggesting that adipose tissue dysfunction may play a causal role in human obesity-associated insulin resistance. Noteworthy is that macrophage infiltration could also be the result rather than the cause of adipose tissue dysfunction. There is still the possibility that insulin-sensitive and -resistant obese groups represent the consequence of two different pathophysiological processes; however, longitudinal data from the preobese to morbidly obese state are required to address this question. As a consequence, impaired adipose tissue function contributes to a proinflammatory, atherogenic, and diabetogenic state and may be mechanistically linked to the development of obesity-associated disorders. Therefore, targeting not only caloric imbalance but also adipose tissue dysfunction in obesity may represent a novel strategy to prevent obesity-related diseases. 
